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PREFACE

The data for this report were collected by investigators from the U.S. Army Soldier
Systems Command ((SSCOM), Natick Research, Development and Engingering Center
(NRDEC) from 1 March 1995 to 30 June 1995. This report describes experiments done
with pitted cherries, whole blueberries and cubed carrots that demonstrated the
feasibility of osmotic drying. Also demonstrated was the osmotically induced
migration of caffeine through the membranes of the food samples. Various osmotic
solutions were used. The solutions contained sucrose, dextrose, maltose, honey ,
maltodextrin and sodium chloride. Drying was accomplished under different
conditions including room and boiling temperatures, at atmospheric pressure and
under vacuum.

The investigation was conducted by the Advanced Foods Branch, Sustainability
Directorate under project number DE 71.

Citation of trade names in this report does not constitute an official endorsement

or approval of the use of such item.
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OSMOTIC DEHYDRATION AND ITS APPLICATIONS
IN NUTRIENT INFUSION OF VARIOUS FOODS

INTRODUCTION

The military services have a need for low and intermediate moisture foods of good
nutrition and high sensory acceptability with a reduced cost of processing. Such
foods will deliver a high density of nutrients, calories, etc. Osmotic dehydration, with
the aid of vacuum infusion, is such a low cost operation that has many advantages. ‘
The infusing of additional nutrients into this type of food would further enhance the
concentrated ration.

Freezing of foods, particularly fresh fruits and vegetables, uses much energy to
freeze the large quantity of water that is present. Huxsoll (1982) noted that there
would be a significant savings in energy costs if the food materials were
concentrated prior to freezing. In addition to the energy savings, other advantages
to water removal would be a savings in packaging and distribution costs and in
maintaining good product quality. ‘

Osmotic drying is a process in which water is removed from a food, such as fruit
or vegetable pieces, by placing them in a hypertonic solution. Since the solution has
a higher osmotic pressure than the food there is a driving force to remove water
from the food. The cell wall will act as a semi-permeable membrane and allow some
exchange of the solute between the solution and the food. Osmotic drying is
therefore a simultaneous water and solute diffusion process.

Many authors have studied various aspects of osmotic drying: the solutes used,
processing variables, combination process and quality of the final products.

The osmotic solutions to be used must have a low aw, be harmless and have a
pleasant or neutral flavor. Concentrated sucrose solutions of 50 to 700 Brix have
often been used. Contreras and Smyrl (1981) used corn syrup as the solute to
concentrate apple rings. They observed that the mass of the apple rings could be
reduced by 70% in this process. However, sodium chloride (NaCl) would make a good
osmotic drying solution for vegetables. Adambounou et al. (1983) noted that its use
with fruit imparted an undesirable salty flavor.

Although the most common osmotic agents are sucrose for fruits and NaCl for
vegetables, other agents include glucose, fructose, lactose, maltodextrin and mixtures
of the carbohydrates (Biswal and Le Maguer, 1969; Hawkes and Flink, 1978;
Giangiacomo et al., 1987; Torregiani et al. 1987.)

A number of authors including Pinnavaia et al. (1983) and Andreotti et al. (1983)
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used commercial syrups as the osmotic agent. Bolin et al. (1983) used high fructose
corn syrup with apple pieces and noted the higher diffusivity as compared to
sucrose. Ray (1960) explained this observed behavior by the conventional diffusion
procedure. Chandrasekaran and King (1972) found that fructose also had a higher
diffusion coefficient than sucrose and explained it by the smaller dimension of the
monosaccharide molecule.

The quantity and the rate of water removal depends on numerous variables and
processing parameters. The mass loss in the food is increased by using a greater
solute concentration of the osmotic solution, increased immersion time, higher
solution/food ratio, increased surface area of the food and the use of a low pressure
system.

A number of investigators studied the effect of temperature and solute
concentration on the osmosis kinetics. They include: Ponting et al. (1966); Farkas
and Lazar (1969); Lerici et al. (1977); Hawkes and Flink (1978); Contreras and Smyrl
(1981); Dalla Rosa et al. (1982); Andreotti et al. (1983) and Conway et al. (1983). In
general these factors do affect the kinetics and should be studied.

The water and solutes transfer can be determined by simultaneously measuring
the water loss and solid gain during the processing. Hawkes and Flink (1978) showed
a simple method for doing this analysis. Changes in the Aw of the solution and the
osmotically dried fruit were measured by Lerici, Dalla Rosa and Pinnavaia (1983) and
Lenart and Flink (1984) as an index of the changes that occurred during the osmosis.
A method of determining this is described.

The osmotically dried product can then be further dried, pasteurized or frozen
(Ponting,1973; Dixon et al., 1976; Islam and Flink, 1982; Lerici, Dalla Rosa and
Pinnavaia, 1983; Madarro et al.,1983; Maltini et al., 1983)

Lerici et al. (1983) and Adambounou and Castaigne (1983) noted that the water
sorption isotherm is an important property of the food relative to drying as this
determines the degree of drying required to obtain a stable product.

Some other advantages for osmotic drying as compared to other drying process
include less changes to color and flavor because of heat damage, less discoloration of
the fruit by emzymatic oxidative browning (Ponting et al., 1966 and Contreras and
Smyrl, 1981). This will eliminate the need for using sulphur dioxide. Farkas and
Lazar (1969) found the increased sugar content of the partially dried fruit gave a
sweeter flavor in the processed fruit. Hawkes and Flink (1978) showed an increased
sensory acceptability of apple slices that had been osmotically concentrated by
sucrose solutions.

Lerici et al. (1985) studied different osmotic solutions, with and without added
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quantities of NaCl, and they found the NaCl addition increased the driving force of
the drying process.

Osmotic drying can be used as an intermediate step in the air drying of fruits and
vegetables (Flink, 1980; Kim and Toledo, 1987 and Lerici et al.,1985) or in freeze
drying (Hawkes and Flink, 1978). Farkas and Lazar (1969) studied the process as an
intermediate step in the freezing of apples and found that the apple quality was
comparable to apples prepared by conventional dehydrofreezing.

Torreggiani et al. (1988) prepared intermediate moisture frozen apples, peaches
and apricots by either osmotic drying or by combining osmotic drying with air
drying and subsequent freezing. The color, texture and semsory scores showed that
the osmotically dried, frozen fruits were acceptable.

Biswal et al. (1991) used aqueous solutions of NaCl as an intermediate step in
freezing green beans. Organoleptic studies of color, hardnmess, texture, taste and
overall acceptability indicated that the green beans were acceptable.

Complex carbohydrates play an important role in an ongoing project to
incorporate performance-enhancing ingredients into military rations at the U.S.
Army Natick RD&E Center. Osmotic processing provides a potential vehicle to infuse
cselected ingredients into the food matrix, either through osmotic potential or
pressure difference (hyper or hypobaric processes). Briggs et al. (1986) used
vacuum infusion to produce calorically dense, low volume components for
incorporation  in operational rations.

Barrett (1986, 1987) investigated the factors that influence the penetration of
particles into porous foods. Barrett et al. (1990) prepared a mathematical model that
can be used to predict the vacuum infusion of suspension of food powders in fat into a
porous food matrix of extruded starch crackers.

This paper will report on a number of osmotic drying studies performed with
different products to determine the effect of processing parameters. The products
used were pitted cherries, whole blueberries and cubed carrots.

The parameters studied were: Processing temperature, 20 C and 100 C; Osmotic
molecule, sucrose, fructose, dextrose, maltodextrin, honey, salt; Concentration of
solids in the osmotic solution, 50 to 80%; Ratio of osmotic solution to product, 2/1 to
4/1; Effect of pressure. Also studied was the ability of the process to infuse an added
substance, (e.g. caffeine) into the product.

The presentation will be as a series of experiments.




Materials and Metheds

A. Food Materials
a. Cherries
Individually Quick Frozen (IQF) sour cherries in sugar solution were used.
They were approximately 1.0 to 1.35 cm in size with 22.9% solids. = The cherries were
thawed and the surface sugar was then rinsed off.

b.Blueberries ‘
IQF whole blueberries in a bulk pack were used. They were approximately 0.6

to 1.0 cm in size with 14.1% solids. The blueberries were thawed before use.

c. Carrots

IQF cubed carrots in a bulk pack were used. They were approximately 0.8 to 1.0
cm in size with 11.7% solids. The carrots were thawed before use.

B. Criteria for Conclusions Pertaining to the Osmotic Processing
In all the studies the final solid content of the product was measured and
compared to the unprocessed control. An increase in solid content indicates a loss of
moisture and an uptake of solids from the osmotic solution. Moisture analyses were
done with a Computrac™ Moisture Analyzer.
C. Equipment
a. Atmospheric Pressure Equipment
These series of experiments were performed in small circular aluminum pots
with a bottom dimension of 14 cm diameter, a height of 12.7 cm, sloping upward to a
top diameter of 17.8 cm. The pot had a capacity of approximately 2,000 cubic cm.
b. Vacuum Equipment
These experiments were performed in the apparatus shown in Fig. 1. This
consists of a cylindrical plexiglass container with outlets and valves leading to the
vacuum pump and the atmosphere. The product was placed in the chamber with the
osmotic solution. The chamber was tightly sealed and the chamber evacuated to a
pressure of 24 to 25 in Hg (81 to 84 kPa). The vacuum was maintained during the
experiment. At the completion of the dwell time, the vacuum was released and the

chamber emptied.
Experimental Procedure

A. Effect of dry substances on cherries.

Fifteen hundred grams of cherries was mixed with 165 g of either granulated
sucrose or NaCl. The mixtures were stored in a refrigerator at 2 C for 24 hours. The
cherries were separated from the liquid and rinsed. Four hundred and thirty grams
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of either sucrose or NaCl was mixed with the drained cherries. During this second
phase sucrose was added to the cherries that were previously mixed with the NaCl and
the NaCl to the cherries that had been mixed with the sucrose. The new mixtures
were replaced in the refrigerator for an additional 24 hours. The cherries were
again separated from the liquid and rinsed. At the end of this time additional
moisture was removed in a forced air dryer at 82 C for 4 hours. Table 1 shows the

increased solids content.

Table 1 - Solid Content of Cherries as Function of Osmotic Solution
Mass. g, after Percent Solids

Solution 24 hrs 48 hrs After Air Drying

NaCl, then Sucrose 1290 1190 58.6

Sucrose, then NaCl 1300 1160 534

Conclusions - The final recovery after air drying was approximately 500 g for both

trials. Both sets of cherries tasted very salty. This showed that osmotic drying will

work with either sucrose or NaCl despite its impracticality.
B. Effect of processing temperature with cherries

Three hundred grams of cherries were mixed with 600 g of an 80% sucrose
solution. Two samples of the mixture were allowed to stand at room temperature for
24 and 48 hours. Two other samples were gently boiled with constant mixing for 30
and 60 minutes. At the end, the cherries were separated from the syrup and rinsed.

The increase in solids content is shown in Table 2.

Table 2 - Solid Content of Cherries as Function of Processing
Temperature
Process Temp, C Time. Min Final Mass, g Final Percent Solids
ambient 1 1440 320 47.1
ambient 1 2880 333 44.4
boiling 2 30 238 63.2
boiling 2 60 245 73.1
1 - approximately 21 C 2 - approximately - 100 C
Conclusions - Osmotic dehydration will occur both at room and boiling

temperatures, but is more efficient at boiling temperature. This is because the high
heat treatment causes cellular disruption. Equilibrium is achieved by 24 hours at
6
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room temperature. At boiling temperature, there is a slight gain in solids content
between 30 and 60 minutes. The advantage of removing excess water with high
temperature might be offset by the heat damage to the product quality. Therefore, a
study to optimize the temperature effect and to examine the protective effect of the
solute on the heat damage would be useful.
C. Effect of forced air drying of cherries

Three hundred g of cherries were mixed with 600 g of 80% sucrose solution.
Duplicate batches were gently boiled with constant mixing for 60 minutes. At the
end, the cherries were separated from the syrup and rinsed. Both batches had
additonal mosture removed by forced air drying for 2 hours at 82 C. The increase in
solids content is shown in Table 3.

Table 3 - Solid Content of Cherries after 60 Minutes
at Boiling Temperature and Forced Air Drying

Batch Final M Final Percent Soli
1 257 74.4
2 252 81.6
Conclusions - The results were similar to that in Part B where no subsequent

drying was dome. It shows that the conditions are reproducible and that subsequent
air drying is not necessary , if not undesirable, when the osmosis occurs at boiling

temperature.
D. Effect of processing temperature with blueberries.

This study duplicates the operating conditions of Part B but with blueberries. The
increase in solid content is shown in Table 4. In each run 300 g of blueberries were

used.
Table 4 - Solid Content of Blueberries as Function
of Processing Temperature
Process Temp, C Time, Min Final Mass. g Final Percent Solids
ambient 1 1440 275 43.0
ambient 1 2880 285 46.7
boiling 2 30 181 56.0
boiling 2 60 159 67.6

1 - approximately 70 C 2 - approximately 100 C
7




Conclusions - As with the cherries, boiling temperature was more efficient than
room temperature. At ambient temperature there was little increase in solids content
between 24 and 48 hours. There was an increase in solid content with boiling
temperature between 30 and 60 minutes. It will therefore, depend on the final
products intended. If the physical quality is not critical and the target nutrients are
heat-stable, then a boiling process will be beneficial to remove water quicker and
more efficiently. However, this case is rare and the treatment should be considered
only when mild heat or vacuum osmosis is not possible.

E. Effect of forced air drying with blueberries

This study duplicates operating conditions of Part C but with blueberries. (300 g
of fruit mixed with 80% sucrose solution and boiled for 60 minutes.) The

increase in solid content is shown in Table 5. Three hundred g of blueberries were

used.

Table 5 - Solid Content of Blueberries after 30 Minutes at Boiling
Temperature and Forced Air Drying

Mass After Osmosis Percent Solids
Batch g After Qsmosis After Air Drying
1 182 56.0 92.0
2 179 61.9 93.5

Conclusions - The forced air drying was at 82 C for two hours. This duplicates the
third run of Part D. Although it took two separate treatments to achieve the final dry
products, it would suffer less heat damage than the single boiling concentration.

F. Effect of batch size for blueberries

This study duplicates the conditions of Part E but with a batch size of 600 g of
blueberries and 1200 g of osmotic solution. The increase in solid content is shown in

Table 6.

Table 6 - Solid Content of Blueberries after 30 Minutes at Boiling
Temperature and Forced Air Drying

Initial Mass Mass After Osmosis Percent Solids
g g After Osmosis After Air Drying
600 340 60.7 87.5
Conclusions - Doubling the batch size had no effect on the osmotic drying.
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G. Effect of ratio of osmotic solution for blueberries

This study compares two quantities of osmotic solutions. The increase in solid
content is shown in Table 7 The blueberries were gently boiled in the solution for

30 minutes. The batch size was 600 g.

Table 7 - Solid Content of Blueberries as Function of Ratio of Osmotic
Solution to Fruit

Ratio of Final Mass Final Percent
Osmotic Solution/Fruit g Solids
2/1 323 63.4
4/1 339 69.8
Conclusions - There was only a slight increase in efficiency by increasing the

ratio. Therefore, for economical reasons, a lower ratio of osmotic solution to fruit is

adequate.

H. Effect of different carbohydrate osmotic solutions with blueberries

This study compares the drying efficiency of different carbohydrates in the
osmotic solutions. The increase in solid content is shown in Table 8. Osmotic drying
was at boiling temperature for 30 minutes and forced air drying was two hours at
82 C. An initial mass of 300 g of blueberries, a 50% solids osmotic solution and a ratio

of two parts osmotic solution to one part fruit was used.

Table 8 - Solid Content of Blueberries as Function of
Different Carbohydrate Osmotic Solutions

Species in Percent Solids
motic Solution Final M Before Air Dryin After Air Dryin
Sucrose 218 454 86.0
Fructose 232 49.6 85.1
Dextrose 232 46.9 86.6
Maltodextrin 181 289 65.0
Conclusions - Sucrose, fructose and dextrose all had about the same efficiency.

Maltodextrin did not work well at all. Fifty percent osmotic solution was not as
efficient as the previous experiments at 80%. The choice of sweeteners can be made

by considering whether the degree of sweetness is critical.




I. Effect of maltodextrin as osmotic solution with carrots

This study used an osmotic solution of 50% maltodextrin to dehydrate carrots.
Four hundred and eighty g of carrots were used in contact with 960 g of the solution.
Dehydration was done at boiling temperature for 30 minutes. It was followed by a
final forced air drying for 2 hours at 82 C (180 F). The increase in solid content is
shown in Table 9.

Table 9 - Solid Content of Carrots after Osmosis
with Maltodextrin Solution

Final Mass Final Percent Solids
g Before Air Drying After Air Drying
376 33.6 73.1

Conclusions - Maltodextrin did accomplish more drying of the carrots than it did
with the blueberries. The large molecule of maltodextrin would have more difficulty
in penetrating through the waxy coating of the blueberries than it did with the

carrots.

J. Effect of vacuum infusion and different osmotic carbohydrate
solutions with cherries

This study used different carbohydrates in the osmotic solutions. The infusion
was done under vacuum. The batch size was 300 g of cherries with 600 g of 80%

solution. The increase in solid content is shown in Table 10.

Table 10 - Solid Content Oo Cherries after Vacuum Infusion
Species in Time of Infusion Final Mass Final Percent
Osmotic Solution Min g Solids
Sucrose 30 184 40.6
Sucrose 60 243 55.2
Fructose 30 193 34.2
Fructose 60 228 64.9
Dextrose 30 180 45.6
Dextrose 60 177 48.4
Honey 30 181 33.1
Honey 60 206 58.3

10



Conclusions - Vacuum infusion does work. Although it is not as efficient as
sucrose at atmospheric pressure and boiling temperature there is no heat involved
and therefore, the product quality will be well retained. Sixty minutes is more
efficient than 30 minutes processing time. The relative efficiency of the sweeteners
is that fructose is better than sucrose which is better than dextrose, after 60 minutes.
Honey is slightly better than sucrose, but less than fructose
K. Effect of vacuum infusion and different osmotic carbohydrate
solutions with carrots

This study used different substances in the osmotic solutions. The infusion was
done under vacuum. The batch size was 300 g with 600 g of 50% solution. (The NaCl
did not completely dissolve so the solution was at equilibrium concentration.) The

increase in solid content is shown in Table 11.

Table 11 - Solid Content of Carrots after Vacuum Infusion
Species in Time of Infusion Final Mass Final Percent
Osmotic Solution Min g Solids
Sucrose 30 232 22.9
Sucrose 60 266 33.0
Honey 30 235 23.7
Honey 60 251 27.7
Maltodextrin 30 198 21.2
Maltodextrin 60 209 21.3
NaCl 30 242 24.7
NaCl 60 256 26.9

Conclusions - Vacuum infusion did work but not as efficiently as at atmospheric
pressure and boiling temperature. Sixty minutes infusion time was slightly better
than 30 minutes. Maltodextrin was not as efficient as the other osmotic species.

L. Caffeine infusion into blueberries with osmotic drying

This study examined the effect of infusion of caffeine into blueberries during
osmotic drying. Three hundred g of blueberries were mixed with 600 g of 80%
sucrose solution that contained caffeine. The mixtures were boiled for 30 minutes.
The final caffeine content of the blueberries was determined in triplicate with HPLC

methods. The results are shown in Table 12.
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Table 12 - Caffeine Content of Blueberries After Osmeotic Drying

Percent Caffeine Final Conc. Percent Final Mass Final Percent

in_Sucrose Solution wg/ml Uptake g Solids
0.083 558 84.9 199 65.6
0.166 1257 100.0 226 60.3

Conclusions - Caffeine will infuse very efficiently during osmotic dehydration at
boiling temperature. The final solids content duplicated the earlier study.
M. Caffeine infusion into carrots with osmotic drying

This study examined the effect of infusion of caffeine into carrots during osmotic
dehydration. Three hundred g of carrots were mixed with 600 g of 50% maltodextrin
solution that contained caffeine. The mixtures were boiled for 30 minutes. The final
caffeine content of the carrots was determined in triplicate with HPLC methods. The

resuits are shown in Table 13.

Table 13 - Caffeine Content of Carrots after Osmotic Drying
Percent Caffeine Final Conc. Percent Final Mass  Final Percent
in_Sucrose Solution wg/ml Uptake g Solids
0.083 665 85.8 267 43.6
0.166 1220 922 270 37.0
Conclusions - Caffeine will infuse very efficiently during osmotic dehydration at

boiling temperature. The final solids content duplicated the earlier study. Further
studies of atmospheric and vacuum infusion without boiling should be conducted to

optimize the final product quality.
Discussion and Results

Osmotic dehydration will work very efficiently under a wide variety of conditions
with many different products. The most favorable osmotic species is sucrose. Boiling
temperature at atmospheric pressure worked best at the conditions studied. Osmotic
dehydration can also be used to infuse nutrients into the product. Caffeine was used
as a marker to demonstrate this. Although we demonstrated that vacuum infusion did
induce some osmotic dehydration, it achieved only limited success. It might be more
useful to subject osmotically dried products to the vacuum chamber and infuse these
products with target solutes or nutrients.

Recommendations
More work needs to be done to quantify the drying and diffusion rates with
12




different osmotic substances. Studies should also continue with other possible
products. Combination drying processes should be studied to determine the most
efficient way to achieve a shelf-stable final product.
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